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Abstract 

Background: A quantitative characterization of root system architecture is currently being attempted for 
various reasons. Non-destructive, rapid analyses of root system architecture are difficult to perform due to the 
hidden nature of the root. Hence, improved methods to measure root architecture are necessary to support 
knowledge-based plant breeding and to analyse root growth responses to environmental changes. Here, we 
report on the development of a novel method to reveal growth and architecture of maize root systems. 

Results: The method is based on the cultivation of different root types within several layers of two-dimensional, 
large (50 x 60 cm) plates (rhizoslides). A central plexiglass screen stabilizes the system and is covered on both sides 
with germination paper providing water and nutrients for the developing root, followed by a transparent cover foil 
to prevent the roots from falling dry and to stabilize the system. The embryonic roots grow hidden between a 
Plexiglas surface and paper, whereas crown roots grow visible between paper and the transparent cover. Long 
cultivation with good image quality up to 20 days (four fully developed leaves) was enhanced by suppressing 
fungi with a fungicide. Based on hyperspectral microscopy imaging, the quality of different germination papers 
was tested and three provided sufficient contrast to distinguish between roots and background (segmentation). 
Illumination, image acquisition and segmentation were optimised to facilitate efficient root image analysis. Several 
software packages were evaluated with regard to their precision and the time investment needed to measure 
root system architecture. The software 'Smart Root' allowed precise evaluation of root development but needed 
substantial user interference. 'GiaRoots' provided the best segmentation method for batch processing in 
combination with a good analysis of global root characteristics but overestimated root length due to thinning 
artefacts. 'WhinRhizo' offered the most rapid and precise evaluation of root lengths in diameter classes, but had 
weaknesses with respect to image segmentation and analysis of root system architecture. 

Conclusion: A new technique has been established for non-destructive root growth studies and quantification of 
architectural traits beyond seedlings stages. However, automation of the scanning process and appropriate software 
remains the bottleneck for high throughput analysis. 
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Background 

The direct selection of efficient root systems is an import- 
ant aim for a second green revolution enabling to increase 
yield in low input agriculture [1]. As costs of fertilizers rise 
and some fertilizers, especially phosphorus, become lim- 
ited, there is an increasing interest in understanding the 
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genetic control of RSA traits. Still, the ability to phenotype 
roots with sufficient throughput remains the bottleneck. 
Throughput is needed to close the phenotype-to-genotype 
gap, either by classical mapping of quantitative trait loci 
(QTL) or by association mapping [2]. In practice at least 
100 - 500 individuals are needed for a QTL or association 
study [3]. Here we focus on the root system of cereal 
roots, especially maize. The root systems of cereals consist 
of three different below ground root types, the embryonic 
primary and seminal roots and the shoot borne crown 
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roots [4,5]. The crown roots are separated from the em- 
bryonic roots by the mesocotyl, which elongates to place 
the shoot base close to the soil surface. While the embry- 
onic root system can be studied directly after germination, 
crown roots in the example of maize develop around the 
two leaf stage [6]. 

Various phenotyping platforms were developed to 
monitor root growth non-invasively in soil and with high 
throughput in hydroponics, aeroponics, agar and on ger- 
mination paper [7-10]. However, these platforms are lim- 
ited to the assessment of the embryonic root system, 
disregarding, that the crown roots dominate the root 
system of a mature plant [11]. There is a certain risk that 
seedling root traits are of little relevance for the develop- 
ment beyond the seedling stage. For maize, there is 
strong evidence that the embryonic roots, especially the 
primary root, behave differently compared to the crown 
roots. All three root types (primary, seminal and crown 
roots) are under different genetic control [12] and the 
early development of embryonic roots is affected strongly 
by seed size, seed quality, timing of germination and other 
processes as discussed by Hund et al. [5]. 

There is a lack of high throughput phenotyping meth- 
odologies enabling to study crown roots and their re- 
sponse to environmental stimuli. The reason for this is 
that cultivating plants with accessible crown root 
systems is far from being trivial: Containers need to be 
larger, require more space, and the access and measure- 
ment of the root systems requires more time. Different 
approaches were taken to access root systems of larger 
plants. Soil based systems such as rhizotrons and con- 
tainers [13,14] or systems observing roots in undis- 
turbed soil in pots (e.g. via computed tomography; [15] 
or magnetic resonance imaging; [16]). Usually these sys- 
tems offer high precision but have limited throughput 
or require major investments for automation as in the 
case of GROWSCREEN Rhizo [17]. Otherwise, soil free 
systems are preferred for large-scale genetic screens, as 
they can be assessed more rapidly and enable for a suffi- 
cient number of replicates [7,9,18-21]. One widely used 
soil free cultivation method is to grow plants on ger- 
mination paper. Such paper is not only used for routine 
germination testing but also to assess root traits as it is 
easy to handle, can be kept free from pathogens and 
enables to manage a high number of replicates on a lim- 
ited space. Moreover, the access to the root system 
is simple and coloured paper, unlike soil, provides 
favourable optical contrast between background and 
roots, thereby making automatic digital image process- 
ing possible [10]. On germination paper a wide range of 
experiments were performed. Investigations focused e.g. 
on the interaction between roots and rhizobacteria [22] 
as well as on the effects of temperature [23], low water 
potential induced by polyethylene glycol [24,25], nutrient 



deficiencies [26,27] and aluminium toxicity [28] on root 
growth. 

The paper-based systems developed so far have the 
above mentioned disadvantage, that only the early embry- 
onic root system can be assessed. Several factors compli- 
cate the enlargement of such systems in order to assess 
the development of crown roots. The most critical point is 
the increasing overlap and parallel growth of roots on the 
two dimensional paper surface. To circumvent this, differ- 
ent root types may be grown in a layered sandwich of 
paper as we will outline in Methods. Here we describe the 
biological basis of this approach: The mesocotyl, situated 
between the scutellar node bearing seminal roots and the 
first node bearing crown roots, elongates to place the 
shoot base at the soil surface. Mesocotyl elongation is 
stimulated by darkness [29] . If seeds are placed in the dark 
between two papers, the embryonic roots are growing be- 
tween the papers, while the mesocotyl elongates and 
places the crown roots on top of the papers. 

For a sufficient throughput, not only the cultivation 
method, but also image acquisition and image analysis are 
of high importance. A sophisticated image analysis is es- 
sential for fast and meaningful RSA analysis [30]. The 
process of image acquisition needs to be optimized with 
respect to an optimal contrast between roots and back- 
ground and with respect to a sufficient spatial resolution 
to clearly visualize and quantify also finer roots with small 
diameter. Past studies showed that hyperspectral data can 
be used to elucidate differences between soil and roots or 
to identify plants infected with root rot [31,32]. In this 
context, it is important to identify wavelengths with an 
optimal contrast between root and background. 

A wide range of literature is available dealing with 
software that enables for image based root system ana- 
lysis [33-45] and there is an online database comparing 
the different software packages that are already available 
[46]. Yet, in the context of our study, it is crucial to ex- 
plain how the optimal software should be chosen for 
the purpose of parameter extraction on rhizoslides, to 
clarify under which circumstances such a software 
performs best and to outline putative pitfalls. Available 
software for RSA analysing ranges from completely 
automated analysis delivering global root data via 
semi-automated systems to hand measurements enab- 
ling detailed measurement of a wide range of traits 
[33,34,36-40,42-45,47]. 

In summary, growth pouches as described by Hund 
et al. [10] have the disadvantages that i) only the early, em- 
bryonic root system may be studied and ii) an intense user 
interference is required to mount the pouches on the im- 
aging station and open opaque foil covering the roots. The 
aim of this project was to develop a paper-based root ob- 
servation system, so called rhizoslides, that enable for i) a 
characterization of post-embryonic cereal root systems 
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and ii) automated or semi-automated image acquisition 
and processing. 

Results 

Root slides enable the separation of crown roots 

The root slides enabled to grow maize seedlings to three 
fully developed leaves before the first embryonic root 
reached the bottom edge of the paper. The nodal root 
system was observed until the four-leaf stage. The plants 
needed 10 and 20 days to reach the three and four leaf 
stage, respectively. A separation between embryonic and 
postembryonic roots was achieved by physically separat- 
ing roots into the different layers of the rhizoslide sand- 
wich construction. Embryonic roots were growing in the 
invisible layer between the plexiglass sheet and the ger- 
mination paper (Figures 1A, B and C), whereas the crown 



roots grew in the outermost, visible layer, on top of the 
germination paper covered with a transparent PE foil 
(Figure 1C). 90% (= 41 roots of 9 plants) of the crown 
roots grew on top of the germination paper and only 
10% (=4 roots of 9 plants) between the paper and the 
plexiglass (See Additional file 1). The embryonic roots 
grown under the germination paper could be visualized 
using backlighting (Figure ID). Tested alternatives to 
the separation of embryonic and postembryonic roots 
were to grow them not separated but either on both 
sides of the plexiglass sheet on the germination paper or 
on one site of the plexiglass sheet. The advantage of this 
method is the opportunity to monitor all root types at 
the same time without the usage of backlighting. The 
disadvantage is that space is very limited and roots start 
to grow parallel and cross each other. With increasing 




Figure 1 Construction of the rhizoslides. A: Root slides consistent of a plexiglass sheet covered with germination paper and a transparent PE 
foil belt with PVC bars with watering channels. Tubes on the site serve as nutrient solution reservoir. B: Cross section of the rhizoslide, illustrating 
the seed placement and separation of embryonic and crown roots. The seed is placed between the germination paper and the space between 
the PVC bars is filled with a layer of Potassium polycarbonate and a granulate substrate. Me: Mesocotyl; Cr: Crown root; Se: Seminal root; Pr: 
Primary root. C: Schematic figure of the separation of the embryonic and shoot-born crown roots: Embryonic roots are growing hidden below 
the germination paper whereas crown roots are growing visible on the top of the germination paper. D: Images taken of one slide with front- or 
backlight. Front 1 and Back 1 (complementary Front 2 and Back 2) are images of the same side taken with either front or backlight. Front images 
show crown roots whereas the transmitted light allows detection of seminal roots as well. 
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age, root tracing became demanding. Furthermore, fun- 
gal growth was successfully suppressed by moistening 
the germination paper with the fungicide Captan and by 
adding Captan to the nutrient solution. The nine repli- 
cations of the control slides (no fungicide) were all colo- 
nised by fungi whereas both Captan concentrations 
(2.5 g L~ and 5 g L~ ) reduced the colonization to one 
out of nine slides (See Additional file 2). Most fungi on 
the non-treated paper were Chromelosporium fulvum 
(See Additional file 3). Total root length did not differ 
between the treated and non-treated plants (data not 
shown), but plant development was delayed compared 
to the control plants (See Additional file 2). 



Reflections are overcome using polarization filters and a 
staggered flash 

We aimed to optimize image acquisition to enable im- 
aging through the transparent cover foil with a minimal 
disturbance or reflectance of light, haze or droplets on 
the surface of the foil. 

The minimum tonal value method, i.e. combining the 
left and right image by keeping only the minimum tonal 
value present in either image, resulted in a lower amount 
of reflections of the bends in the surface of the covering 
transparent foil (Figures 2A and B; upper blue circle) 
and a reduction of reflections by droplets (Figures 2A 
and B; lower blue circle). It also increased the contrast 
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Adaptive 



standard grayscale 
conversion of 
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red channel of 
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Figure 2 Imaging and thresholding methods. Images of roots grown on either Anchor blue (A + B) or Sebio grey (C + D). Red circles highlight 
regions for which the different thresholding methods yielded contrasting results (Lateral roots vanished, parallel growing roots became one root 
or the intensity of background noise). Blue circles indicate the removal of droplets and reflections. A: Image taken with diffuse lighting. B: Two 
images taken with flash light (right/left side) including polarization filters on flash and camera lens and combined to a minimum tonal image. 
The red channel was used for the conversion into greyscale. C: Image taken with near-infrared front lighting. D: Image taken with near-infrared 
backlighting. Thresholding was done using the WinRhizo or GiARoots routines. Only the routines resulting in the best separation between root 
and background are shown. 
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between roots and background compared to ambient il- 
lumination (Figures 2 A and B). The higher contrast pre- 
sumably resulted from the shadows from left and right 
illumination, which were retained in the combined image. 
A further advantage of the shadows was a better distinc- 
tion between roots growing in parallel (Figures 2A and B; 
upper right red circle). A slight disadvantage was that the 
detection of the origin of lateral roots became more diffi- 
cult as they emerged in the shadowed region (Figures 2A 
and B; lower left red circle). 

Red light created the strongest contrast 

We used spectral reflectance to elucidate at which wave- 
lengths the contrast between roots and paper back- 
ground is maximized. Based on this information we 
aimed to identify which colour channel of the available 
camera would be best suited to segment between roots 
and paper background. The reflection of germination 
paper behaved differently depending on colour and/or 
texture and there were differences in reflectance be- 
tween the root and the papers (Figure 3). The root 
reflected in the entire range between 400 and 1000 nm 
with small differences in reflection intensity. A similar 
pattern was observed for the white Whatman paper, 
where the intensity was two times higher than for the 
root. Also the light blue Whatman paper showed a 
higher reflection compared to the root and reflection 
maxima were situated in the blue and infrared range. All 
strongly blue and grey colored papers (steel blue (An- 
chor), Whatman blue, Sebio grey) showed a similar pat- 
tern of a high reflection in the blue range, a decrease in 
green and red and an increase in the near-infrared range. 
With the exception of the steel blue paper, the intense 




400 500 600 700 800 900 1000 



Wavelength [nm] 

Figure 3 Hyperspectral reflectance of root and paper. 

Reflectance of the root and five tested germination papers (Anchor, 
Whatman blue, light blue, and white and Sebio grey) in the spectrum 
from 400-1000 nm. Colouring indicates the spectral range of blue, 
green and red light. Slightly red coloured is the near-infrared range 
(790-1000 nm). 



reflection of these papers in the blue range was lower 
than the reflection of the root. Between 560 and 720 nm 
the reflection of all three blue papers was two times 
lower compared to the reflection of the root (Figure 3). 
Depending on these results, images were taken and colour 
channels tested. The best distinction between root and 
background was obtained with the red channel for steel 
blue, Whatman blue and Sebio grey (See Additional file 
4A). Whatman white showed similar poor results for all 
three channels. 

Near infrared backlight enables root growth studies 

Images taken in the near-infrared range (940 nm) con- 
firm the observation of a slight contrast between root 
and paper due to a high reflectance in the near-infrared 
range of the papers. Best results were obtained using 
Sebio grey paper (see Additional file 4B), but the low 
contrast and noise due to reflections resulted in a loss of 
lateral roots (Figure 2C). However, using near-infrared 
back lighting, segmentation between root and background 
was good and only negligible losses of root structures oc- 
curred (Figure 2D). However, both thresholding methods 
still had problems to handle the background noise result- 
ing from the paper texture. Compared to other papers, the 
Sebio paper had the advantage of a fine texture and thin- 
ness, which produced only slight background noise in the 
backlight image (Figure 2D). In contrast, the texture noise 
of the steel blue germination paper (Figure ID) was too 
high for segmentation methods applicable to date. 

Image analysis software 

We conducted a literature search to identify software 
with the ability to perform a RSA analysis of complex 
root systems grown on two dimensional images. As a re- 
sult, eight potentially suitable software packages were 
chosen (See Additional file 5) and three of them could 
be successfully installed and tested (all software was 
downloaded in October 2012). Two of them, WinRhizo 
(WinRhizo Pro 2009b, Regent Instruments Inc.) and 
GiARoots [37] offer batch processing with the opportun- 
ity to perform manual adjustments. The third software, 
SmartRoot [40] is semi-automated. We were not able to 
test the remaining five software packages for different 
reasons: DigiRoot [48] and RootReader2D [7] could be 
successful installed, but did not accurate work with the 
supplied material (incomplete/wrong marking of the 
roots). EZ-Rhizo [33] could be successful installed, but 
the software stopped working immediately after starting 
the analysis. We tested whether it would work with dif- 
ferent image formats or resolution and requests assist- 
ance from the developer, which remained unanswered. 
RootTrace [42] could not be successful installed in spite 
of intense support by the developer. The software DART 
[39] could be installed, but not opened. Our help request 
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was answered with the comment that the software was 
not developed to a stage where it would stably run on 
any system. 

GiARoots facilitates best automatic thresholding routine 

In addition to improve image quality, we evaluated differ- 
ent methods for image segmentation. The thresholding 
methods of WinRhizo and GiARoots were tested and 
compared. These two software packages were chosen be- 
cause they make an automated conversion into binary im- 
ages possible and worked well with the supplied material. 
SmartRoot was not included in this part of the analysis, as 
it works on the basis of greyscale images. In WinRhizo, 
the automatic routine did not eliminate all background 
noise; in contrast the manual adjustment facilitated a bet- 
ter reduction of the background noise without a loss of in- 
formation (See Additional file 6). In WinRhizo, it was not 
possible to distinguish roots growing in parallel to each 
other (See Additional file 6, blue circles). However, the 
software GiARoots enabled to some extent distinguishing 
between roots growing in parallel, but the images of 
the segmented roots were incomplete, making it difficult 
to identify individual roots (See Additional file 6, blue 
circles). Both routines (adaptive and double-adaptive 
threshold) enabled a good separation between root and 
background and no big difference was observed between 
them (See Additional file 6). Lateral roots with a weaker 
contrast were clearly visible after adaptive thresholding in 
GiARoots and manual adjustment of the threshold in 
WinRhizo, but they were neither detectable using the glo- 
bal threshold value in WinRhizo, nor the double adaptive 
threshold in GiARoots (See Additional file 6; red circles). 
Based on these results, images taken on either steel blue 
germination paper, Whatman blue, white or Sebio grey 
were transferred into greyscale images using the red chan- 
nel and were segmented using the adaptive threshold of 
GiARoots (Figure 4). The best results, regarding the ratio 
(reduction of background noise) /(loss of lateral roots), 
were obtained on steel blue germination paper and Sebio 
grey. For both papers a good separation between root and 
background was obtained with a minor loss of lateral 
roots. 

High repeatability of SmartRoot 

To determine the influence of the user on the results 
using semi-automated software, a test for repeatability 
was done using SmartRoot. 

In SmartRoot, the variance of root length detected in 
ten different images was related to the overall variance 
created by different users and the interaction between 
users and image content. Image processing was highly 
repeatable with respect to the overall length detected for 
the lateral roots (repeatability of 0.99) and axile roots 
(repeatability of 0.97). Total measured length of lateral 



roots ranged from 152 to 164 cm; total length of axile 
roots varied from 162 to 165 cm, depending on the user. 

Good correlations for SmartRoot and WinRhizo 

As SmartRoot enables for a user-defined, controlled tra- 
cing of the whole root system we considered the output 
of this software package as the one that represents best 
the real root system length. Compared to SmartRoot, 
WinRhizo underestimated the total root length due to 
the fact that it could not detect lateral roots that only 
showed a small contrast between root and background 
(Figures 5B and C). In contrast to this, GiARoots ren- 
dered much higher root lengths. Hereupon, we evaluated 
the images showing the thinned objects and observed 
thinning artefacts (Figure 5D). We anticipated that these 
differences were a result of artefacts caused by root hairs, 
reflections and other effects leading to a ragged edge be- 
tween root object and background. Therefore, the output 
would be comparable under optimal image conditions, 
defined by smooth edges of the roots and by a perfect 
contrast between root and background. To test this hy- 
pothesis, we reconstructed the root systems traced in the 
ten images using the data of the vectorized root system 
supplied by SmartRoot. This resulted in ten images of 
"artificial roots" with an optimal contrast and a known 
length. Indeed, visually all programs detected the roots 
without losses or false tracing (Figure 5E-H). However, 
there were still differences in total root length. The values 
obtained with SmartRoot differed 0-5% compared to the 
original pixel length, WinRhizo differed 0-4% and GiA- 
Roots differed 2-22%. Even more important than the ab- 
solute values are the correlations between the results 
obtained with the three programs. For the artificial root 
images, the correlations between all programs were satis- 
fying with r 2 values between 0.91 and 0.97 (See Additional 
file 7B), but for the original images, the correlations were 
much lower (0.33 GiARoots-WinRhizo; 0.54 WinRhizo- 
SmartRoot; 0.67 GiARoots-SmartRoot) (See Additional 
file 7A). In addition to total root length measurements, all 
three programs enable to study further traits of root sys- 
tem architecture. As the measured traits and methods dif- 
fered strongly among the software packages, they could 
not be used for software comparison. Total root length 
was chosen as a common trait for differentiating the per- 
formance of the software packages. Other traits such as 
lateral root number, angle between roots etc. were less 
good indicators of the performance of a software package. 
As already shown, software packages often underestimate 
the length of a certain lateral root; hence, their applicabil- 
ity increases with increasing length of each lateral root, 
and, therefore with total root length. Similar examples are 
traits based on diameter calculations as surface area (cm ) 
or volume (cm 3 ). Correlations for the root diameter were 
low for all three programs (between 0.025 and 0.51) for 
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Figure 4 Application of optimal image processing. The optimized image processing protocol as described in Figure 6, was applied to the 
four most promising papers identified based on spectral imaging (Figure 3). A: Images of roots grown on Anchor, Whatman blue and white or 
Sebio paper. Two images were taken with flash light from the right/left side and combined to one image. B: Conversion into greyscale using the 
red channel for conversion. C: Segmentation of the root system using the adaptive threshold of GiARoots. 



the original images and consequently for calculated traits 
based on the diameter as well (See Additional file 7A). Di- 
ameters measured by SmartRoot and WinRhizo correlated 
for the artificial roots (0.96), but for GiARoots the correla- 
tions remained low with both programs (0.07; 0.08) (See 
Additional file 7B). As WinRhizo also enables for topology 
analysis, the time investment for a topology analysis in 
WinRhizo as well as for SmartRoot was investigated. The 
images were taken from root systems of plants with two 



fully developed leaves grown in small pouches (21 x 
29.5 cm). These data set has been described previously 
[10]. The analysis was divided into four steps and time in- 
vestment for each step was recorded. For both programs 
the last step (lateral root tracing/assignment of ranks) was 
most time consuming (See Additional file 8). The analysis 
of the images used in our study took between 8 and 40 mi- 
nutes depending strongly on the number of lateral roots. 
A correlation between number of lateral roots and the 
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required time for analysis could be observed for WinRhizo 
(R 2 = 0.76) and SmartRoot (R 2 = 0.44). Although both pro- 
grams enable topology analysis, the obtained traits are not 
identical and not all traits are immediately extractable 
from the output but must be calculated (See Additional 
file 9). An advantage of SmartRoot compared to WinRhizo 
is the clear arrangement of the output file. This facilitates 
to obtain information for every single root immediately 
(See Additional file 10B). In contrast, in the WinRhizo 
output every measured section (link) is listed and the data 
needed to be summarized by the user first, before mean- 
ingful traits can be extracted (See Additional file 10A). 
This data reorganization is very time intensive. GiARoots 
does not enable for a manual topology analysis as all im- 
ages are batch processed. 

Discussion 

The aim of this work was to create a growth system 
that enables for non-destructive and potentially high- 
throughput quantification of root system architecture 
traits. Ultimately, this system should be applicable for 
genome mapping of crown root characteristics. The 
"sandwich" composition of the paper layers enabled distin- 
guishing between embryonic and postembryonic roots as 
they grew in different layers. Postembryonic crown roots 
are a major focus, as they account for the major part of 
the adult root system [11], and the ability to study their re- 
sponse to stresses offers a major advantage. 

The rhizoslide sandwich system is a good compromise 
between the space-saving and handling capacities of a 
2D-system and the advantage of 3D-systems enabling 
for an unlimited spread of roots in three dimensions. 
Single layered systems, even if up scaled to larger paper 
size, have the disadvantage that roots will increasingly 
overlap and crown roots will be difficult to measure. 
Three dimensional systems based on agar, aero- or 
hydroponics circumvent these problems [7-9]. Agar has 
got the advantage that roots stay in place and do not 
overlap. However, space is usually limited and keeping 
the agar free of pathogens is laborious. Therefore, stud- 
ies are preferably performed over a short time period. 
Hydro- and aeroponic cultivation make it possible to 
studying a high number of individuals over a long time 
period, but roots change their position and this compli- 
cates the image analysis. 

A big advantage of the rhizoslides is that they facilitate 
studying the response of particular root types, especially 
crown roots, to changes of the root environment in 
space and time. For example, different concentrations of 
nutrients can be applied to the paper on the left and 
right side of each slide. In split-root setups responses to 
stimuli such as altered nutrient availability can be stud- 
ied [49-51]. Besides root system architecture traits, the 
plasticity and the dynamic alteration of root growth to 



changing environments can be observed. Previous stud- 
ies showed that root morphology and growth can change 
in acclimation processes to nutrient availability as short 
as well as long term response [52-55]. Rhizoslides offer 
the potential to study such response on a large number 
of plants. In the past, studies were done on monocot 
species [10,56-58] as well as on dicot species [59] using 
the so called paper-roll setup or growth pouches. For ex- 
ample, Watt et al. grew wheat seedlings in a paper-roll 
setup and found positive correlations of root length be- 
tween seedlings grown in the paper-roll setup or in the 
field, but not with the reproductive stage [56]. These 
findings emphasize the importance to work with later 
developmental stages. Potentially the paper-sandwich is 
perfectly suited to study the fibrous root system of 
monocot species e.g. rice, wheat, or barley. The mesoco- 
tyl elongation is used to separate embryonic from crown 
roots. Eventually, small adjustments (e.g. a smaller slit in 
the plexiglass sheet) have to be made to keep the smaller 
seeds in space and to ensure an elongation of the meso- 
cotyl above the paper edge. For dicot species, which 
form one tap root undergoing secondary thickening, the 
sandwich system is less suited. Still such roots can be 
studied on one site of the Plexiglass sheet. This has the 
already mentioned disadvantage that space is very lim- 
ited and roots start to grow parallel and cross each 
other. Furthermore, in the current rhizoslide version, the 
Plexiglass plate bends, as the adhesive power of the nu- 
trient solution connects it tightly with the paper and the 
covering foil. Apparently, each material has a different 
coefficient of expansion. Therefore, it is advantageous to 
grow either two plants on one plate (each on one side) 
or to enable root growth on both sides of the plate. 

Furthermore, the adjustment of parameters of the 
rhizosphere, such as pH, C0 2 or O2 can be analysed via 
Optodes in complementation to growth analysis [60]. 
Rhizoslides are not only an opportunity to perform high 
throughput screening for RSA traits, as usually done for 
QTL mapping, but allow to do more precise effect stud- 
ies on a small scale with high temporal resolution. The 
lack of automation is currently the only bottleneck to 
achieve high temporal resolution. 

We optimized the imaging system to enable automa- 
tion. The necessity to remove the foil covering the roots 
in order to avoid reflections of the cover itself and of 
droplets on the inside of the cover was a major bottle- 
neck hampering automation. These reflections could be 
successfully minimized by using polarization filters in 
combination with the combined images with left and 
right illumination, respectively. Polarization filters are 
commonly used to reduce noise due to reflections and 
were already successfully used by Clark et al. [7] in a 
hydroponic system. We took this approach further, by 
combining two images, each illuminated from a different 
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angle. By retaining only the lower (darker) pixel value of 
each image in the final minimum tonal image, we uti- 
lized the optical properties of the three dimensional 
structures in the image: bright reflections on round 
droplets or on folds in the covering foil appeared at dif- 
ferent locations depending on the illumination. These 
artefacts were minimized. Similarly, the cast shadows of 
the roots appeared either on the left or the right side 
and were maximized. Accordingly, the minimum tonal 
image had a strong local contrast between roots and 
background combined with reduced noise due to reflec- 
tions. The possibility to take images without removal of 
a cover is a major advantage compared to the pouch sys- 
tem described by Hund et al. [10] which had to be 
opened manually. However, background noise by con- 
densed water could not be completely removed by image 
combination, but by usage of backlighting. 

Maximal contrast between roots and paper back- 
ground can be achieved by using the red channel of the 
RGB images. This conclusion is based on our analysis of 
spectra of the root compared to those of various paper 
backgrounds. Hund et al. (2009) reported the saturation 
channel to be best suited for image segmentation. How- 
ever, differences between the red and the saturation 
channel in the earlier study were very small. Several 
studies showed that illumination within the visible range 
affects root growth [29,61,62]. A frequently used alterna- 
tive is near-infrared (NIR) light as so far no negative ef- 
fect on root morphology could be observed [63,64]. NIR 
illumination was used to differentiate between roots and 
soil background [32] and to illuminate roots grown in 
aeroponics (personal communication, Draye, X.). In Rhi- 
zoslides only NIR backlighting resulted in a sufficient 
contrast and, with a double layer of thick steel blue ger- 
mination paper, this contrast was not sufficient for seg- 
mentation methods available to date. This makes NIR 
unsuitable as light source in paper-based rhizoslides. 
Furthermore, in previous studies with growth pouches, 
the influence of the scanning light on root growth dur- 
ing imaging was negligible (Hund et. al 2009). It remains 
to be tested, whether an increased frequency of illumin- 
ation in high-throughput screening approaches would 
have systematic effects on root morphology. 

The resolution of the camera was high enough to de- 
tect first-order lateral roots of maize. Given the dimen- 
sion of the imaged area of the slide of 490 mm widths in 
combination with the 21 mega pixel camera, a pixel size 
of 0.13 mm was achieved. A minimum of three pixel are 
required to detect roots by means of an image process- 
ing software. This three-pixel diameter of 0.39 mm is in 
the range of the lateral root diameter of maize. Hund 
et al. (2004) reported lateral root diameters of maize in 
the range of 0.26 to 0.47 mm in plants grown in sand 
substrate under chilling conditions. The diameters of 



lateral roots in pouches are usually below a threshold 
value of around 0.5 mm [10,24] with average diameters 
ranging between 0.25 and 0.306 mm [23]. However, Mac 
Cully et al. (1987) reported lateral roots as thin as 
0.07 mm which would be below the threshold detected 
by the current setup. Accordingly, it will not be possible 
to distinguish between lateral roots diameters and to de- 
tect very fine root. The solution would be higher reso- 
lution. The four times smaller A4-size growth pouches 
in combination with a 28 megapixel scanner [10], yield 
an almost tenfold resolution of 0.042 mm px~\ By 
stitching multiple images or zooming into particular re- 
gions of interest, resolution on rhizoslides can be in- 
creased to a point where even monitoring of root hairs 
may be possible. 

Suitable software remains a bottleneck. The three soft- 
ware packages, offered different strengths but had also 
severe weaknesses. Dependent on the research question 
WinRhizo and GiARoots offer the advantage of simple 
batch processing without additional user interference. 
The thresholding algorithm of GiARoots is more advan- 
tageous compared to WinRhizo when it comes to the 
elucidation of inhomogeneities in the root system. Ac- 
cordingly, GiARoots provided a much better global seg- 
mentation. However, we did not test the color analysis 
in WinRhizo as an option for enhanced segmentation. 
After segmentation, GiARoots delivers basic characteris- 
tics of a root system with the lowest time investment 
and without influence of the user. A negative point for 
GiARoots is that it needs images with a good contrast to 
avoid false tracing. These artefacts may lead to a serious 
overestimation of total root length. The images derived 
from our rhizoslides did not provide sufficient contrast 
to avoid such artefacts. The automatic routines in WinR- 
hizo provide root lengths that can be grouped in user- 
defined diameter classes. Using this root-length in diam- 
eter class distribution, roots may be classified in large- 
diameter axile roots and small diameter lateral roots 
[10,65]. This approach was efficiently used for high 
throughput image analysis in genome mapping studies 
[25,66,67] and it may be applicable for rhizoslides. 
WinRhizo and Smart Root offer the possibility to per- 
form an in-depth topology analysis. For such an analysis 
an intense user interaction is needed to allocate lateral 
roots to their parental origin. For both WinRhizo and 
SmartRoot manual tagging of root for topology analysis 
is time intensive and ranges from 8 to 40 min for a root 
system grown on a small 21 x 29 cm paper. In the four 
times larger rhizoslides, a much higher time investment 
is needed unless the focus is on individual, representa- 
tive roots. Furthermore, the user might bias the results 
as a high degree of user interaction is required. Although 
we could not detect strong bias among the three differ- 
ent test persons we recommend controlling potential 
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systematic differences among users by an appropriate 
experimental design. A difficult part of the topology ana- 
lysis in WinRhizo is the extraction of information from 
the generated output, as it is not intuitive and traits such 
as root length of single roots must be calculated. Fur- 
thermore, WinRhizo's topology analysis does not allow 
for a simplified tracking of roots though multiple images 
of a time series. These difficulties could be the reason, 
why it was not used for genome mapping in crops to 
date and only in a small number of topology studies 
[68,69], as far as we know. SmartRoot offers both, a top- 
ology analysis with an intuitive output of the summary 
statistic and the possibility to tag and track roots through 
successive images of a time series [46]. The software was 
developed to enable more complex analysis of the RSA to 
do QTL analysis amongst others. 

For many research questions, global root traits or 
quantitative traits as generated with automatic routines 
in WinRhizo or GiARoots are sufficient. A study with 
hundreds of individuals as needed in QTL analysis, for 
example, would require massive investment of time for 
manual root tracing. However, SmartRoot may prove 
suitable if only parts of the root system, e.g. some repre- 
sentative crown roots are to be measured in more detail. 
Such an approach would be feasible, even for quantita- 
tive genetic studies. For example, Trachsel et al. [66] 
measured the length of the primary axile root on more 
than 1000 plants using the ruler tool of Adobe Photoshop. 
As SmartRoot allows tagging and tracing of individual 
roots in image series in a convenient manner, it is particu- 
larly suited to monitor temporal changes in growth rates. 
Furthermore, there are research questions with a smaller 
number or repetitions that need to study e.g. single root 
scale. For these cases a program such as SmartRoot is op- 
timal. To sum up, so far there is no optimal software solu- 
tion for every setup. Instead the most suitable method 
must be chosen depending on the research question and 
the maintainable time investment. 

Conclusions 

A new technique has been established for high-throughput 
non-destructive root growth studies and quantification of 
architectural traits beyond seedlings stages. The method 
allows studying root growth of crown roots and seminal 
roots independendy under heterogeneous environmental 
conditions. Transparent foil sheets covering both sides of 
the sandwich construction allow for a rapid screening of 
the maize root system growing within the rhizoslide. In fu- 
ture, the usability for other crop species should be tested 
and necessary adaptations identified. The reflections of the 
foil could be successfully eliminated by a newly developed 
imaging setup and image processing. In future, rhizoslides 
can be used to study a wide range of research questions on 
a small scale as well as with a high number of replicates 



necessary e.g. for QTL analysis. A future challenge will be 
the establishment of a system allowing the automation of 
the imaging process to increase the screening speed of 
huge sets of genotypes. Of the tested software packages, 
each offered specific strengths. Specifically, we identified 
the segmentation algorithms of GiARoots to be optimal, 
we found the most precise automated measurement of 
root length using WhinRhizo and we saw a user friendly 
topology analysis combined with the ability to trace roots 
in successive images as the major advantages of Smart- 
Root. Improved next generation software solutions should 
ideally combine these strengths. 

Methods 

Plant material 

All experiments were carried out with the maize hybrid 
Bonfire supplied by Delley seeds and plants Ltd (DSP 
Ltd), Switzerland. 

Materials 

The rhizoslides (version 2.7) consist of two PVC bars 
(600 x 60 x 10 mm) and an acrylic sheet (530 x 650 x 
4 mm) fixed with two screws between the bars (Figure 1A). 
Between acrylic sheet and bar, an 8 mm flat washer was 
placed to obtain a slit for the roots (see Additional file 11). 
On one side of the bars, 25 mL PE tubes (Semadeni AG, 
Ostermundigen, Switzerland) were placed to act as water/ 
nutrient solution reservoirs (Figure 1A). On the inner side 
of each bar, a channel was mortised to hold a watering 
system. The watering system consisted of two glass fibre 
wicks (0 = 2 mm) (Suter-Kunststoffe AG, Fraubrunnen, 
Switzerland), each surrounded with a PVC tube (outer 
diameter 5 mm; inner diameter 3 mm) (GVZ-Gossart AG, 
Otelfingen, Switzerland). The wick system allowed the 
transport of the nutrient solution via capillary force from 
the two reservoirs to the right and the left sides on the 
germination paper, respectively. The acrylic sheet was cov- 
ered with wet germination paper (490 x 610 mm) on both 
sides serving as substrate. These were in turn covered by a 
transparent oriented polypropylene (OPP) foil with micro 
holes of 70 urn to allow for gas exchange (Maag, GmBH, 
Iserlohn, Germany). The foil is widely used in the pack- 
aging industry for cooled, fresh food to allow for gas ex- 
change and to avoid droplets and fog on the transparent 
cover. Steel blue germination paper (Anchor Steel Blue 
Seed Germination Blotter, Anchor Papers Co, USA) 
(Anchor) proved useful in several studies evaluating 
root growth and development in growth pouches 
[10,20,23-25,28,70,71]. Unless mentioned otherwise, this 
paper was used for all standard tests. In addition, we 
tested four alternative germination papers with respect 
to their optical contrast to the root objects, i.e. light 
blue (FP3621), blue (FP3644), and white (FP5703) 
germination paper by Whatman (GE Healthcare Life 
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Science, Glattbrugg, Switzerland) and Sebio grey (FP3236, 
Albet-Hahnemuehle S.L, Dassel, Germany). 

Cultivation conditions 

For sterilization, the germination paper was heated in 
three cycles from room temperature to 80°C and kept at 
this temperature for at least 120 min. Between the heating 
periods the paper was kept for 20-22 h in an oven at 37°C 
and 50% relative humidity [72]. Maize seeds were surface 
sterilized with sodium hypochlorite for 15 min. and rinsed 
with deionized water for 5 min. Subsequently, seeds were 
kept for 48 h at 26°C in the dark for germination and were 
then transferred into the rhizoslides. To prevent fungi 
growth, a method described by Bohn et al. [73] was used. 
The germination paper was moistened with water con- 
taining 2.5 g IT 1 Malvin (Syngenta Agro AG, Dielsdorf, 
Switzerland) containing the active component Captan. 
Plants were cultivated in a climate chamber (PGW36, 
Conviron, Winnipeg, MB, Canada) refurbished with new 
control unit, compressor and slight ceiling (Kalte 3000, 
Landquart, Switzerland). Environmental settings were a 
day period of 14 h light, at a temperature of 26/18°C (day/ 
night) at seed level, 60% humidity and a light intensity of 
230 umol photosynthetically active radiation nT 2 s _1 at plant 
canopy level supplied with a mixture of 2/3 Cool White 
(Philips TL5 HO 54 W/865; Philips, Zurich, Switzerland) 
and 1/3 GRO LUX (Sylvania F36W/GRO, Sylvania, 
Germany, Munich) light tubes. 

Root type separation into rhizoslide layers using 
mesocotyl elongation 

The placement of the seed was done immediately after 
germination to avoid damaging the primary root. The 
seed was placed between the germination papers into a 
slit on the upper edge of the plexiglass sheet. The paper 
edge was placed at the plexiglass edge, surrounding the 
seed (Figure IB). Paper clips or paper fastener stuck the 
two papers on the site of the seed. For mesocotyl elong- 
ation, the seed was kept in the dark. To keep the seed and 
mesocotyl wet Potassium polycarbonate moistened with 
deionized water containing 2.5 g IT 1 Captan was injected 
between the PVC bars on top of the seed. To avoid inci- 
dence of light, a granulated substrate was placed on top of 
the Potassium polycarbonate and a cover was placed on 
top of the bars (See Additional file 12). To test whether a 
separation of embryonic and crown roots was possible in 
the described setup, nine plants were grown in the rhizo- 
slides and the whole root system was harvested layer by 
layer. The number of roots per root type in each of the 
four layers was recorded. 

Verification of fungi reduction 

One consequence of the longer cultivation period was fungal 
infection. The most prominent fungus was Chromelosporium 



fulvum. To verify that the fungicide treatment could suc- 
cessfully reduce the number of fungal infections without 
an influence on root morphology, a preliminary experi- 
ment was done using a modified pouch setup based on 
the method described by Hund et al. [10]. Every pouch 
was supplied with nutrient solution over a wick that was 
hanging in a single 50 mL tube (Greiner, Frickenhausen, 
Germany). The tube was filled with sterile nutrient solu- 
tion containing either 0 g L~ , 2.5 g L _1 or 5 g L _1 Malvin 
(Syngenta Agro AG, Dielsdorf, Switzerland) (n = 9). Tubes 
were refilled every 48 h. After ten days, images of the root 
systems were taken, infection rated and plants were har- 
vested for biomass measurements. 

Image acquisition and pre-processing 

For standard imaging, images were taken either with a 21 
mega pixel full-frame digital single-lens reflex camera (EOS 
5D Mark II, Canon, Tokyo, Japan) equipped with a 50 mm 
lens (compact macro 50 mm f/2.5, Canon, Tokyo, Japan). 
The resolution of the images was around 0.13 mm/pixel. 
The camera was equipped with a circular polarization filter 
(Hama, Augsburg, Germany) and was placed in 1 m dis- 
tance parallel to the pouch surface. Two studio flash 
lights (Walimex pro VC 400, Burgheim, Germany) were 
used to illuminate the rhizoslides. The lights were posi- 
tioned at an angle of 30° and a distance of 1 m to the left 
and right in front of the slide, respectively. The front of 
the lights were equipped with linear polarization filters 
(Foto Mayr, Dietzenbach, Germany). For each side of 
the rhizoslide, two images were taken: one illuminated 
from the right, the other one illuminated from the left. 
To trigger these staggered left/right flashes, a microcon- 
troller was built and programmed in Arduino 1.0 (http:// 
arduino.ee/en/) to activate a different flash each time the 
camera trigger was released. The microcontroller con- 
nected the camera and the flashes with a computer and 
was triggered by CanonEOSUtility Software (V2.1 Canon 
Inc. 2011) (See Additional file 13). Colour 24 bit RGB im- 
ages were taken and directly stored on the hard drive by 
the CanonEOSUtility Software. A backlight was used to 
evaluate the possibility to measure the embryonic roots, 
covered by the germination paper, by means of their re- 
duced transmission of light compared to the paper. 
Roots were backlighted with a continuous spotlight and 
images were taken from the front (f/4; 1/6 s). In case of 
infrared images, a monochrome CCD camera (Scorpion 
SCOR-20SO; Point Grey Research, Vancouver, BC, Canada) 
equipped with a standard lens (25 mm; Cosmicar/Pentax, 
The Imaging Source, Bremen, Germany) and an infrared 
interference filter (940 nm; Edmund Optics, Karlsruhe, 
Germany) was used. For lighting, a LED panel (880/ 
940 nm) or infrared diode-fields (940 nm) were used. 
The camera had a resolution of 0.22 mm/pixel and the 
display detail was approximately 10 x 10 cm. 
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Hyperspectral microscopy 

To identify the wavelength with the maximal contrast 
between root and background, a Darkfield transmission 
optical microscope (CytoViva Hyperspectral Imaging 
System (HSI), Auburn (AL) USA) was used. The reflec- 
tion of Steel blue germination paper (Anchor Steel Blue 
Seed Germination Blotter, Anchor Papers Co, USA), 
light blue (FP3621), blue (FP3644), and white (FP5703) 
germination paper from Whatman (GE Healthcare Life 
Science, Glattbrugg, Switzerland) and Sebio grey (FP3236) 
(Albet-Hahnemuehle S.L, Dassel, Germany) were recorded 
in the range of 400 to 1000 nm. Measurements were done 
using Environment for Visualization software (ENVI 4.8, 
Exelis Visual Information Solutions, Inc., Boulder, USA) 
that can extract complete spectral information from single 
or multiple pixels. The reflection spectrum of a white re- 
flectance standard with spectralon served as reference 
(WS-l-SL, Ocean Optics, Ostfildern, Germany). Spectra 
resulted from average values of 13 081 pixels per 
spectrum. Exposure times were 0.21 s for the spectralon, 
0.4 s for Steel blue germination paper, Sebio grey and 
Whatman blue, 0.3 s for Whatman light blue and 0.25 s 
for Whatman white. 

To correct for differences in exposure time, the inten- 
sity of the reflection signal at each wavelength was cor- 
rected using the following formula: 

Intensity value 

corrected intensity = ; — r — 

exposure time (spectralon)<exposure time [sample) 

In the following, the intensity at each individual reflec- 
tion signal wavelength was normalized by dividing through 
the reflection intensity of the spectralon. 

Image analysis 

Images, pre-processed in Matlab, were successively ana- 
lyzed by digital image analysis software developed for 
root image analysis. The utilized software was WinRhizo 
(Regent Instruments, Quebec, Canada, 2003a) GiARoots 
or SmartRoot [37,40]. The images were combined to 
one 24 bit RGB image using Matlab (Version 7.12 The 
Mathworks, Natick, MA, USA) by keeping only the 
minimum tonal value present in either image (minimum 
tonal image). Each of the three RGB colour channels was 
tested to figure out which channel delivered the best dis- 
tinction between root and background. A Matlab (Matlab 
Version 7.12) routine was used to i) balance inhomogen- 
eous illumination, ii) combine the images taken with right 
or left flash light to one image by using the pixel with the 
lower tonal value iii) extract the color channel with the 
highest contrast between roots and background iv) iden- 
tify each individual by reading the label in the image and 
v) rename the image with the label content (Figure 6). 

Optical differentiation between root and background 
(called segmentation or thresholding) was done in WinRhizo 



or GiARoots. In WinRhizo the automated threshold or 
a manual adaption of the threshold was done by choos- 
ing the tonal value with the best noise to root relation. 
All pixels above this value are assumed as background 
while all pixels below this value are considered as root. 
The threshold value of WinRhizo is used for the seg- 
mentation of the whole image. In GiARoots an adaptive 
thresholding or double adaptive thresholding was done. 
Using the adaptive threshold, the entire image is broken 
up into smaller square arrays of a certain block size. 
Within each block, the mean pixel intensity is calculated 
and all pixels with the same intensity +/- a selectable 
proportion are considered to be part of the root net- 
work, all others are considered to be part of the back- 
ground. The double adaptive threshold looks at the 
behavior of the mean intensity as a function of the 
neighborhood size and classifies the pixel as foreground 
if a sufficiently large decrease/increase in its values is 
achieved within a specified range of neighborhood sizes 
(for details see Galkowskyi et al. 2012). 

Software comparison 

To compare the performance of the programs, a dataset 
of ten root sytems scanned on steel blue germination 
paper were analysed using WinRhizo, GiARoots or Smart- 
Root. The images were part of a previous study published 
in 2009 [10]. In contrast to WinRhizo and GiARoots, 
Smart root allows for user interference. Therefore, to de- 
termine the effect of user interference on root detection 
by the software, ten images of two contrasting genotypes 
were measured repeatedly with SmartRoot by three differ- 
ent persons. Furthermore, the time investment performing 
a topology analysis using WinRhizo or SmartRoot was in- 
vestigated. The analysis was divided in four steps and time 
was recorded for every step separately. The classification 
into steps is not identical for both software packages as 
their procedures were different, but as close as possible. 
WinRhizo: 1. Step: Automatic analysis of the image and 
setting of the segmentation threshold, 2. Step: Excluding 
non-volitional regions, 3. Step: combining and cutting of 
root fragments and 4. Step: Allocation of the root order. 
SmartRoot: 1. Step: Automatic labeling of seminal roots, 
2. Step: Manual correction of seminal roots, 3. Step: Auto- 
matic labeling of lateral roots and 4. Step: Manual correc- 
tion of lateral roots. 

Artifical roots 

SmartRoot delivers xml files with the position of every 
node used to analyze the root system. These data, cre- 
ated for every analyzed image, could be used to generate 
artificial root images by a Matlab script as follows: First 
points and diameters were read from xml-files written 
by Smartroot. The points were interpolated by splines to 
get the complete root line of each single root. Gaussian 
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Step 4 



See figure 2 



Figure 6 Work flow of the image processing. Images in the center row illustrate the workflow and images on right and left the effect of noise 
reduction. Center row: Step 1: Two images are taken, one with illumination from the right and one with illumination from the left side. Step 2: A 
correction for inhomogeneous brightness is done. The diagrams illustrate the inhomogeneous brightness for which need to be corrected on the 
right/left image. Step 3: Images taken with either right or left illumination were combined using minimal tonal value of each pixel. Step 4: A 
conversion into greyscale using the red channel is done followed by thresholding. For further details see Figure 2. Left and right row: Images 
show the effect of noise reduction (due to droplets on the inside of the covering foil) (left and right) and an enhanced differentiation between 
parallel growing roots (right) after the corrections and combination of the two images. 



distributions were positioned along the longitudinal axis 
of the artificial root in a way that matched full width at 
half maximum of the distribution with the root diameter 
at each position. These artificial root systems were used 
to compare software performance under optimal con- 
trast between root and background. 



Statistics 

The variance component of the user interaction experi- 
ments were estimated with ASREML-R [74] by setting 
the factors "user" and "image" as random in a model 
containing no fixed factor. To estimate the repeatability, 
we divided the variance of the determined axile and 
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lateral root length within the sampled images (0? mag e) 
with the overall variance due to image variance plus 
image-by-user interaction variance (ol rror ). 



i?2 — VUY 'image j ' (v&f 'image "t" VUY 'error) 

The experiment determining the effect of the fungicide 
on fungal infection and plant growth was a complete ran- 
domized block design with 9 replications. Each experi- 
mental unit consisted of one rhizoslide containing one 
plant. A mixed linear model was calculated in ASREML-R 
as 

Y^fi + rj + ey 

where Yh is the i th plants in three leaf stage, number of 
infected plants or plant biomass in the j th replication, f; 
is the fungicide concentration (i = no fungicide, 2.5 g/L 
or 5 g/1 Captan), r, is the replication (j = 1, 9), and eij 
is the residual error. The factor replication was set as 
random. 

Additional files 



Automatic labeling of lateral roots and 4.Step: Manual correction of lateral 
roots. Data points are mean values (n = 5) ± standard deviation). 

Additional file 9: Root traits measured with WinRhizo, SmartRoot 
and GiARoot listed for one exemplary root. Root traits were either 
calculated by the program (direct) or calculated by the user based on the 
output (indirect). In WinRhizo the length of a single root must be 
calculated. Therefore, all traits based on single root measurements could 
not be directly extracted from the output file. All these traits are marked 
with "*". 

Additional file 10: Modified output tables of WinRhizo (A) and 
SmartRoot (B). A: WinRhizo divides the root system in so called axis and 
links. A link is a segment on a root 0 th order or a 1 st order root. An axis is 
a group of connected links. The yellow highlighted parts are informations 
about the links and the orange regions about the axis. Green highlighted 
is the summarizing section. In the second column appears operator (axis, 
link or summary (DEV-) and in the following columns traits describing 
this segments are listed. B: SmartRoot organizes the data based on roots. 
In the second column appears the root notation chosen by the user and 
in the following columns traits describing this root are listed. Values in A 
and B are measured for an exemplary root system. 

Additional file 11: Constructional drawing of the rhizoslides. 

Additional file 12: Sandwich method to separate embryonic 
and crown roots. A: Granulate substrate to avoid incidence of light. 
B: Potassium polycarbonate on top of the seed to moisten the seed 
and the mesocotyl. C: Crown roots emerging on top of the germination 
paper edge surrounded by Potassium polycarbonate. 

Additional file 13: Diagram of circuit connected to Arduino. Camera 
focus and release are controlled by an optocoupler as well as right and 
left illumination. The illumination is connected to a relay to switch the 
higher current of the LEDs. 



Abbreviations 

RSA: Root system architecture; QTL: Quantitative trait loci; NIR: Near-infrared 
reflectance. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

The method was conceived by CLM and AH. The development was 
supported by AW and NK. DM did the software evaluation, analysis and tests. 
All scripts necessary for imaging and image processing were written by NK. 
Experiments and data analysis were performed by CLM. Technical equipment 
was developed and constructed by AH, NK and CLM. All authors read and 
approved the final manuscript. 

Acknowledgements 

The authors thank Ueli Merz and Adrian Leuchtmann (ETH Zurich) for their 
help identifying the fungi colonizing our system; Alexander Gogos 
(Agroscope, Zurich) for his support with the hyperspectral microscopy; 
Pascal Schaad (Sebio GmbH, Germany) for supplying custom sized samples 
of germination paper; Alexandra Metzger (ETH Zurich) for technical 
assistance; Xavier Draye (Universite catholique Louvain, Belgium) for his 
support with NIR lighting; Guillaume Lobet, (Universite Liege, Belgium) for 
his support with the analysis in SmartRoot and Patrick Flutsch (ETH Zurich) 
for manufacturing the rhizoslides. 

This research received funding from the European Community Seventh 
Framework Programme FP7-KBBE-201 1-5 under grant agreement no. 289300. 

Received: 10 February 2014 Accepted: 13 May 2014 
Published: 27 May 2014 

References 

1. Lynch JP: Turner Review No. 14 Roots of the second green revolution. 

AustJBot 2007, 55:493-512. 

2. Springer: High-Throughput Phenotyping in Plants. Heidelberg: Humana Press; 
2012. 

3. Rafalski JA: Association genetics in crop improvement. Curr Opin Plant Biol 
2010, 13:174-180. 



Additional file 1: Separation of embryonic and crown roots based 
on the paper sandwich method (Figure 1C and D). Black bars indicate 
crown roots growing on top of the paper surface and grey bars indicate 
crown roots growing under the paper. A replicate represents one 
rhizoslide planted with one plant. 

Additional file 2: Fungicide effect. Vigor traits measured for plants 
treated with Captan (2.5 g L _1 or 5 g L~') and plants with no fungicide 
(control). N = 9. Significance level p < 0.001 (***); p < 0.01 («*); p < 0.05(*); 
P<0.1(). 

Additional file 3: Images of Chromelosporium fulvum. A: Image 
taken with a consumer camera, B: magnifying glass 33 times magnified, 
C: microscope 1000 times magnified. 

Additional file 4: Channel separation and NIR lighting. A: 

Comparison of the conversion into greyscale images using either the 
blue, green or red channel or all three channels (grey). B: Images taken of 
roots growing on steel blue, Whatman blue, Whatman white or Sebio 
grey germination paper using NIR front or backlighting. 

Additional file 5: List of programs suitable for 2D root system 
analysis. List includes relevant root traits accessible with these programs. 

Additional file 6: Thresholding done with four different 
thresholding routines. In WinRhizo either an automatic selection or a 
manual adaptation of the tonal value was chosen. In GiARoots the 
adaptive threshold and the double adaptive threshold were tested. Red 
circles indicate the loss of lateral roots due to segmentation and blue 
circles the difficulties to separate parallel growing roots. 

Additional file 7: Correlation of total root length, surface and 
diameter between WinRhizo, SmartRoot and GiARoots. A: Based on 
original images of the roots. B: Based on images of the artificial roots. 

Additional file 8: Time costs for a topology analysis using WinRhizo 
or SmartRoot. The analysis was divided into four steps and after every 
step the time was recorded. The classification into steps is not identica 
for both software packages as their procedures were different, but as 
close as possible. WinRhizo: 1. Step: Automatic analysis of the image and 
setting of the segmentation threshold, 2. Step: Excluding non-volitional 
regions, 3. Step: Combining and Cutting of root fragments and 4. Step: 
Allocation of the root order. SmartRoot: 1. Step: Automatic labeling of 
seminal roots, 2. Step: Manual correction of seminal roots, 3. Step: 



Le Marie et al. Plant Methods 2014, 10:13 
http://www.plantmethods.eom/content/1 0/1/13 



4. Hochholdinger F, Park WJ, Sauer M, Woll K: From weeds to crops: genetic 
analysis of root development in cereals. Trends Plant Sci 2004, 9:42-48. 

5. Hund A, Reimer R, Messmer R: A consensus map of QTLs controlling the 
root length of maize. Plant Soil 201 1, 344:143-158. 

6. Singh V, van Oosterom EJ, Jordan DR, Messina CD, Cooper M, Hammer GL: 
Morphological and architectural development of root systems in 
sorghum and maize. Plant Soil 2010, 333:287-299. 

7. Clark RT, Famoso AN, Zhao K, Shaft JE, Craft EJ, Bustamante CD, McCouch 
SR, Aneshansley DJ, Kochian LV: High-throughput 2D root system 
phenotyping platform facilitates genetic analysis of root growth and 
development. Plant Cell Environ 2013, 36:454-466. 

8. Babe A, Lavigne T, Severin JP, Nagel KA, Walter A, Chaumont F, Batoko H, 
Beeckman T, Draye X: Repression of early lateral root initiation events by 
transient water deficit in barley and maize. Philos Trans R Soc Lond B Biol 
Sci 201 2, 367:1534-1541. 

9. Ingram PA, Zhu J, Shariff A, Davis IW, Benfey PN, Elich T: High-throughput 
imaging and analysis of root system architecture in Brachypodium 
distachyon under differential nutrient availability. Philos Trans R Soc Lond 
BBiol So' 2012, 367:1559-1569. 

10. Hund A, Trachsel S, Stamp P: Growth of axile and lateral roots of maize: 
I development of a phenotying platform. Plant Soil 2009, 325:335-349. 

1 1. Smith S, De Smet I: Root system architecture: insights from Arabidopsis 
and cereal crops. Philos Trans R Soc Lond B Biol Sci 2012, 367:1441-1452. 

1 2. Hochholdinger F, Woll K, Sauer M, Dembinsky D: Genetic dissection of root 
formation in maize (Zea mays) reveals root-type specific developmental 
programmes. Ann Bot-London 2004, 93:359-368. 

1 3. Smit AL, Groenwold J: Root characteristics of selected field crops: data 
from the Wageningen Rhizolab (1990-2002). Plant Soil 2005, 272:365-384. 

14. Kuchenbuch RO, Ingram KJ, Buczko U: Effects of decreasing soil water 
content on seminal and lateral roots of young maize plants. Journal of 
Plant Nutrition and Soil Science-Zeitschrift Fur Pflanzenernahrung Und 
Bodenkunde 2006, 169:841-848. 

1 5. Mooney SJ, Pridmore TP, Helliwell J, Bennett MJ: Developing X-ray 
computed tomography to non-invasively image 3-D root systems 
architecture in soil. Plant Soil 2012, 352:1-22. 

16. Jahnke S, Menzel Ml, van Dusschoten D, Roeb GW, Buhler J, Minwuyelet S, 
Blumler P, Temperton VM, Hombach T, Streun M, Jahnke S, Menzel Ml, van 
Dusschoten D, Roeb GW, Buhler J, Minwuyelet S, Blumler P, Temperton VM, 
Hombach T, Streun M, Beer S, Khodaverdi M, Ziemons K, Coenen HH, Schurr 
U: Combined MRI-PET dissects dynamic changes in plant structures and 
functions. Plant J 2009, 59:634-644. 

1 7. Nagel KA, Putz A, Gilmer F, Heinz K, Fischbach A, Pfeifer J, Faget M, Blossfeld 
S, Ernst M, Dimaki C: GROWSCREEN-Rhizo is a novel phenotyping robot 
enabling simultaneous measurements of root and shoot growth for 
plants grown in soil-filled rhizotrons. Funct Plant Biol 2012, 39:891-904. 

18. Famoso AN, Clark RT, Shaft JE, Craft E, McCouch SR, Kochian LV: 
Development of a novel aluminum tolerance phenotyping platform 
used for comparisons of cereal aluminum tolerance and investigations 
into rice aluminum tolerance mechanisms. Plant Physiol 2010, 
153:1678-1691. 

1 9. Nagel KA, Kastenholz B, Jahnke S, Van Dusschoten D, Aach T, Muehlich M, 
Truhn D, Scharr H, Terjung S, Walter A, Schurr U: Temperature responses 
of roots: impact on growth, root system architecture and implications 
for phenotyping. Funct Plant Biol 2009, 36:947-959. 

20. Hund A, Reimer R, Stamp P, Walter A: Can we improve heterosis for root 
growth of maize by selecting parental inbred lines with different 
temperature behaviour? Philos Trans R Soc Lond B Biol Sci 201 2, 
367:1580-1588. 

21. Chen YL, Dunbabin VM, Diggle AJ, Siddique KHM, Rengel Z: Development 
of a novel semi-hydroponic phenotyping system for studying root 
architecture. Funct Plant Biol 201 1, 38:355-363. 

22. Planchamp C, Balmer D, Hund A, Mauch-Mani B: A soil-free root 
observation system for the study of root-microorganism interactions in 
maize. Plant Soil 201 3, 367:605-614. 

23. Reimer R, Stich B, Melchinger AE, Schrag TA, S0rensen AP, Stamp P, Hund A: 
Root response to temperature extremes: association mapping of 
temperate maize (Zea mays L). Maydica 2013, 58:156-168. 

24. Ruta N, Liedgens M, Fracheboud Y, Stamp P, Hund A: QTLs for the 
elongation of axile and lateral roots of maize in response to low water 
potential. Theor Appl Genet 2009, 120:621-631. 



Page 15 of 16 



25. Ruta N, Stamp P, Liedgens M, Fracheboud Y, Hund A: Collocations of QTLs 
for seedling traits and yield components of tropical maize under water 
stress conditions. Crop Sci 2010, 50:1385-1392. 

26. Liao H, Rubio G, Yan X, Cao A, Brown KM, Lynch JP: Effect of phosphorus 
availability on basal root shallowness in common bean. Plant Soil 2001, 
232:69-79. 

27. Zhu J, Kaeppler SM, Lynch JP: Mapping of QTLs for lateral root branching 
and length in maize (Zea mays L.) under differential phosphorus supply. 
Theor Appl Genet 2005, 1 1 1 :688-695. 

28. Trachsel S, Stamp P, Hund A: Effect of high temperatures, drought and 
aluminum toxicity on root growth of tropical maize (Zea Mays L.) 
seedlings. Maydica 2010, 55:249-260. 

29. Flint LH: Light and the elongation of the mesocotyl in corn. Plant Physiol 
1944, 19:537-543. 

30. Zobel RW: Hardware and software efficacy in assessment of fine root 
diameter distributions. Comput Electron Agr 2008, 60:1 78-1 89. 

31 . Yang C, Everitt JH, Fernandez CJ: Comparison of airborne multispectral 
and hyperspectral imagery for mapping cotton root rot. Biosyst Eng 2010, 

107:131-139. 

32. Nakaji T, Noguchi K, Oguma H: Classification of rhizosphere components 
using visible-near infrared spectral images. Plant Soil 2008, 310:245-261. 

33. Armengaud P, Zambaux K, Hills A, Sulpice R, Pattison RJ, Blatt MR, Amtmann 
A: EZ-Rhizo: integrated software for the fast and accurate measurement 
of root system architecture. Plant J 2009, 57:945-956. 

34. Burton AL, Williams M, Lynch JP, Brown KM: RS: Software for high- 
throughput analysis of root anatomical traits. Plant Soil 201 2, 357:1 89-203. 

35. Clark RT, MacCurdy RB, Jung JK, Shaft JE, McCouch SR, Aneshansley DJ, 
Kochian LV: Three-dimensional root phenotyping with a novel imaging 
and software platform. Plant Physiol 2011, 156:455-465. 

36. French A, Ubeda-Tomas S, Holman TJ, Bennett MJ, Pridmore T: High- 
throughput quantification of root growth using a novel image-analysis 
tool. Plant Physiol 2009, 150:1784-1795. 

37. Galkovskyi T, Mileyko Y, Bucksch A, Moore B, Symonova O, Price C, Topp C, 
lyer-Pascuzzi A, Zurek P, Fang S: GiA Roots: software for the high 
throughput analysis of plant root system architecture. BMC Plant 
Biol 2012, 12:116. 

38. Regent Instruments Inc: WinRhizo. Canada: Regent Instruments Inc; 2009. 

39. Le Bot J, Serra V, Fabre J, Draye X, Adamowicz S, Pages L: DART: a software 
to analyse root system architecture and development from captured 
images. Plant Soil 2010, 326:261-273. 

40. Lobet G, Pages L, Draye X: A novel image-analysis toolbox enabling quantitative 
analysis of root system architecture. Plant Physiol 201 1 , 1 57:29-39. 

41 . Mairhofer S, Zappala S, Tracy SR, Sturrock C, Bennett M, Mooney SJ, 
Pridmore T: RooTrak: automated recovery of three-dimensional plant root 
architecture in soil from X-ray microcomputed tomography images 
using visual tracking. Plant Physiol 2012, 158:561-569. 

42. Naeem A, French AP, Wells DM, Pridmore TP: High-throughput feature 
counting and measurement of roots. Bioinformatics 201 1, 27:1337-1338. 

43. Pierret A, Gonkhamdee S, Jourdan C, Maeght J-L: IJ_Rhizo: an open-source 
software to measure scanned images of root samples. Plant Soil 2013, 
373:531-539. 

44. Pound MP, French AP, Atkinson J, Wells DM, Bennett MJ, Pridmore TP: 
RootNav: navigating images of complex root architectures. Plant Physiol 
2013, 162:1802-1814. 

45. Stefanelli D, Fridman Y, Perry RL: DigiRoot (TM): new software for root 
studies. Eur J Hortic Sci 2009, 74:169-174. 

46. Lobet G, Draye X, Perilleux C: An online database for plant image analysis 
software tools. Plant Methods 2013, 9:38. 

47. Clark RT, Shaft J, Aneshansley DJ, Kochian L: Advances to Whole Root 
System Quantification Tools and Techniques. In The Proceedings of the 
International Plant Nutrition Colloquium XVI. UC Davis: Department of Plant 
Sciences; 2009. Retrieved from: http://www.escholarship.org/uc/item/ 
40v4x53m. 

48. Stefanelli D, Fridman Y, Perry RL: DigiRoot (TM): new software for root 
studies. European Journal of Horticultural Science 2009, 74:169-1 74. 

49. Yu P, Li X, Yuan L, Li C: A novel morphological response of maize 
(Zea mays) adult roots to heterogeneous nitrate supply revealed by 
a split-root experiment. Physiol Plantarum 2014, 150:133-144. 

50. Pfeifer J, Faget M, Walter A, Blossfeld S, Fiorani F, Schurr U, Nagel K: 
Spring barley shows dynamic compensatory root and shoot growth 



Le Marie ef al. Plant Methods 2014, 10:13 
http://www.plantmethods.eom/content/1 0/1/13 



Page 16 of 16 



responses when exposed to localized soil compaction and fertilization. 

Funct Plant Biol 2014, 41:581-597. 

Drew M, Saker L: Nutrient supply and the growth of the seminal root 
system in barley II. localized, compensatory increases in lateral root 
growth and rates of nitrate uptake when nitrate supply is restricted to 
only part of the root system. J Exp Bot 1975, 26:79-90. 
Walter A, Silk WK, Schurr U: Environmental effects on spatial and temporal 
patterns of leaf and root growth. Anna Rev Plant Biol 2009, 60:279-304. 
Zhu J, Kaeppler SM, Lynch JP: Mapping of QTL controlling root hair length 
in maize (Zea mays L.) under phosphorus deficiency. Plant Soil 2005, 
270:299-310. 

Mollier A, Pellerin S: Maize root system growth and development as 
influenced by phosphorus deficiency. J Exp Bot 1999, 50:487. 
Liu J, Li J, Chen F, Zhang F, Ren T, Zhuang Z, Mi G: Mapping QTLs for 
root traits under different nitrate levels at the seedling stage in maize 
(Zea mays L). Plant Soil 2008, 305:253-265. 

Watt M, Moosavi S, Cunningham SC, Kirkegaard JA, Rebetzke GJ, Richards 
RA: A rapid, controlled-environment seedling root screen for wheat 
correlates well with rooting depths at vegetative, but not reproductive, 
stages at two field sites. Ann Bot-London 2013, 1 12:447-455. 
Rahnama A, Munns R, Poustini K, Watt M: A screening method to identify 
genetic variation in root growth response to a salinity gradient. J Exp Bot 
2011, 62:69-77. 

Almgren I, Gustafsson M, AS F, alt, Lindgren H, Liljeroth E: Interaction 
between root and leaf disease development in barley cultivars after 
inoculation with different isolates of Bipolaris sorokiniana. J Phytopathol 
1999, 147:331-337. 

Bonser AM, Lynch J, Snapp S: Effect of phosphorus deficiency on growth 
angle of basal roots in Phaseolus vulgaris. New Phytol 1996, 132:281-288. 
Blossfeld S, Schreiber CM, Liebsch G, Kuhn AJ, Hinsinger P: Quantitative 
imaging of rhizosphere pH and C02 dynamics with planar optodes. 
Ann Bot-London 2013, 1 12:267-276. 
61. Bjorn L, Suzuki Y, Nilsson J: Influence of wavelength on the light response 
of excised wheat roots. Physiol Plantarum 1963, 16:132-141. 
Feldman U, Briggs WR: Light-regulated gravitropism in seedling roots of 
maize. Plant Physiol 1 987, 83:241 . 

Walter A, Silk WK, Schurr U: Effect of soil pH on growth and cation 
deposition in the root tip of Zea mays L. J Plant Growth Regal 2000, 
19:65-76. 

Ruts T, Matsubara S, Wiese-Klinkenberg A, Walter A: Diel patterns of leaf 
and root growth: endogenous rhythmicity or environmental response? 

J Exp Bot 2012, 63:3339-3351. 

Hund A, Fracheboud Y, Soldati A, Frascaroli E, Salvi S, Stamp P: 
QTL controlling root and shoot traits of maize seedlings under 
cold stress. Theor Appl Genet 2004, 109:618-629. 

Trachsel S, Messmer R, Stamp P, Hund A: Mapping of QTLs for lateral and 
axile root growth of tropical maize. Theor Appl Genet 2009, 1 19:1413-1424. 
Ruta N, Liedgens M, Fracheboud Y, Stamp P, Hund A: QTLs for the 
elongation of axile and lateral roots of maize in response to low water 
potential. Theor Appl Genet 2010, 120:621-631. 

Sorgona A, Abenavoli M, Gringeri P, Lupini A, Cacco G: Root architecture 
plasticity of citrus rootstocks in response to nitrate availability. J Plant 
Nutr 2007, 30:1921-1932. 

Sorgona A, Abenavoli MR, Cacco G: A comparative study between two 
citrus rootstocks: effect of nitrate on the root morpho-topology and net 
nitrate uptake. Plant Soil 2005, 270:257-267. 
Liao M, Fillery IRP, Palta JA: Early vigorous growth is a major factor 
influencing nitrogen uptake in wheat. Funct Plant Biol 2004, 31:121-129. 
Trachsel S, Stamp P, Hund A: Growth of axile and lateral roots of maize: 
response to desiccation stress induced by polyethylene glycol 8000. 
Maydica 2010, 55:101-109. 



72. 



73. 



52 



53. 



54 



55 



56 



57. 



58 



5" 



60 



62. 



63. 



64 



65 



66. 



67. 



69. 



70. 



Freund H: Sterilisieren derfertigen Ampullen. In Die Ampullenfabrikation. 
Berlin Heidelberg: Springer; 1916:61-72. 

Bohn M, Novais J, Fonseca R, Tuberosa R, Grift T: Genetic evaluation of root 
complexity in maize. Acta Agronomica Hungarica 2006, 54:291-303. 
Butler D: asreml: asreml() fits the linear mixed model. R package version 
3.0. 2009. http://www.vsni.co.uk. 



doi:1 0.1 1 86/1 746-481 1-1 0-1 3 

Cite this article as: Le Marie et al:. Rhizoslides: paper-based growth 
system for non-destructive, high throughput phenotyping of root 
development by means of image analysis. Plant Methods 2014 10:13. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www. biomedcentra I .com/su bmit 



o 



BioMed Central 



